Abstract: Using tunnel boring machine (TBM) to construct inclined shafts in coal mines has become the main way for large-scale coal mines to enter deep mining faces. However, some engineering disasters such as water in rush and rock burst will occur when TBM crosses the aquifer and weak broken rock strata. For the sake of efficient tunneling and advanced optimization of the safety plan and supporting measures, it is critically important to detect the anomalous geological conditions in front of the driving face during the service of TBM. Based on the bore-tunneling electrical ahead monitoring (BEAM) system, this paper proposes a coal mine inclined shaft advanced detection method based on shield cutterhead moving array electrodes. First, as the BEAM system cannot image owing to its low utilization rate on spatial distribution information, a diversified excitation and measurement mode with the cutters on the cutterhead as the exciting electrode and measuring electrode is proposed to provide a calculation condition for inversion imaging of the geological condition in front of the driving face. Then, in order to improve the speed of inversion imaging, a virtual grounding electrode equivalent model is proposed to replace the original guard electrode model. Finally, in order to verify the effectiveness of the method, the influence of the virtual grounding electrode on the inversion results at different positions is studied through a physical model test and a numerical inversion test. The results show that the method can better reflect the position of anomalous body.
Introduction
Coal, as one of the most abundant, widely distributed, and economically used energy sources in the world, takes an important position in the energy structure. Numerous mines are required in coal mining, and as a significant means to improve coal productivity in mining areas, inclined shaft development is adopted by most of the mines. On 3 August 2013, the world's first long-distance inclined shaft full-face tunnel boring machine (TBM) with independent intellectual property rights successfully rolled off the production line in Changsha, China. At present, TBM has been used to construct inclined shafts in the Bulianta Coal Mine in Inner Mongolia, Tashan Coal Mine in Shanxi, and Luobawan Coal Mine in Xinjiang. Compared with the traditional drilling and blasting method, TBM has the advantages of safety, speed, high quality, and environmental protection in the excavation of inclined shafts [1] [2] [3] . However, due to the large buried depth, some engineering disasters such as water in rush and rock burst often occur when TBM crosses the aquifer and weak broken rock strata. Therefore, it is necessary to carry out advanced detection work to avoid the geological disasters and ensure the efficient and safe construction of the project [4] [5] [6] . Advanced detection is to apply some tunnel in Germany [23] . The BEAM system has high detection sensitivity, good stability, and can realize real-time on-line detection. However, as it only uses the continuous detection results of different mileages, but not the tomography, to qualitatively infer the geological conditions in front of the tunnel face, the BEAM system has great problems in positioning accuracy, detection distance, resolution and so on. Zhao et al., has utilized the tomography technique to invert the resistivity distribution caused by the stress change of the force sensitive material, which provided a solution to the imaging problem of the BEAM system [24] .
The advanced horizontal drilling method is to carry out advanced horizontal drilling to determine the distribution of strata, the hardness of strata rocks, the integrity of rock masses and the position of faults and holes that may exist in front of the tunnel face by drilling speed testing, core taking rate statistics, core identification, and other means. As TBM often needs to be shut down and overhauled during the construction process, the multi-directional support hydraulic advanced geological drilling rig equipped on TBM is used for advanced drilling at the moment. However, due to its high cost, long time-consuming and small lateral detection range, this method has great application limitation in TBM tunnel advanced detection. Therefore, this method is commonly used in advanced detection in TBM tunnel construction together with other advanced geological prediction methods. Li has comprehensively analyzed and predicted the geological conditions in front of the tunnel face with transient electromagnetic method (TEM) and advanced horizontal drilling method [25] .
Based on the above research background, a coal mine inclined shaft advanced detection method based on shield cutterhead moving array electrodes is proposed, which can realize real-time imaging during TBM construction in order to realize rapid excavation and optimize safety plans and supporting measures in advance. First, aiming at the problem that the BEAM system cannot image because of the low utilization rate of the spatial distribution information, a diversified excitation and measurement mode with the cutters on the cutterhead as the exciting electrode and measuring electrode is proposed, which provides a calculation condition for resistivity imaging of the geological condition in front of the driving face. Then, a virtual grounding electrode equivalent model is proposed to improve the speed of inversion imaging. Finally, in order to verify the effectiveness of this method, the influence of the virtual grounding electrode on the inversion results at different positions is studied through a physical model test and a numerical inversion test.
Theory

Detection Mechanism
When the exciting electrode supplies a stable current to the ground, the anomalous body will be polarized into a primary cell by an electrochemical reaction, which is caused by the current passing through the anomalous body. At this time, the primary cell will generate a secondary current to form an electric field in the space on the basis of the secondary current. The potential difference generated between the measuring electrodes is called a secondary potential difference, which will attenuate with time. The potential difference measured by the measuring electrode is the sum of the primary potential difference and the secondary potential difference, called the total field potential difference [26] . During the polarization process of the anomalous body, the speed will slow down until the anomalous body is finally saturated. After the power supply is disconnected, the anomalous body will continue to discharge due to the polarization effect of the anomalous body, even if there is no power supply current. As the discharge process continues, the voltage between the measuring electrodes will eventually decay and vanish. The above series of electrochemical reactions are called the IP effect. The rocks with different conductivity types correspond to different mechanisms of IP, thus different strata can be categorized into electronic conductors and ionic conductors according to their conductivity to current. Electronic conductors mainly refer to conductors or semiconductors such as graphite, metal deposits, and mineralized rocks, while ionic conductors refer to the rock strata besides the electronic conductors, of which rock-forming minerals are the solid electrolytes or the liquid surrounded by rock strata. The theory of IP of electronic conductors is generally believed that when an external electric field acts on rock mass, the electric charge inside the electronic conductor will be redistributed: The negative charge in the electronic conductor moves against the current flow direction and accumulates at the current inflow end to form a "cathode"; on the contrary, the remaining positive charges accumulate at the current outflow end to form an "anode". This phenomenon of potential balance variation caused by the movement of the charge forms an IP of electronic conductors. Because the process of induced polarization of ionic conductors is very complicated, there is no unified explanation about its formation. Scholars agree that negative potential will appear on the surface of the ionic conductor in the rock mass to attract positive ions in the medium on the surface to form an electric double layer. Under the action of external electric field, current will carry away a large number of ions, which will lead to the accumulation of the negative ions and positive ions until the equilibrium state is reached.
The coal mine inclined shaft advanced detection method based on shield cutterhead moving array electrodes is essentially a focusing IP method, and its working principle is shown in Figure 1 . Considering one of the measuring electrodes arranged on the cutterhead as the exciting electrode, when the exciting electrode sends out a detection signal, the electric field generated by the exciting electrode will propagate around the surrounding rock, which will cause an IP effect in the nearby medium. However, as the electric field propagates outward, the electric field is produced not only in the detection path, but also in every direction of the exciting electrode. In this way, the electric field will propagate in an unrelated direction, and tend to decay faster, which will affect the detection distance. In this case, around the exciting electrode should be arranged a ring-shaped guard electrode which has the same polarity of current of the exciting electrode. Due to the mutual repulsion of the same polarity current, the electric field formed by the guard electrode will generate a restraining current next to the exciting electrode to squeeze the current emitted by the exciting electrode, thus that the measuring current will focus into the sensitive area to be detected, thus reducing the attenuation of the excitation signal in the propagation process and increasing the detection distance. During detection, the voltage between the other measuring electrodes except the exciting electrode and the grounding electrode should be measured. After the measurement of each measuring electrode is finished, the cutterhead turns a certain angle and the above operation should be continued until the detection is finished when the measuring electrode system moves to a predetermined position. By analyzing and processing the voltage information obtained from the measuring electrodes, the existence and position of the anomalous body in front of the driving face are imaged according to a certain algorithm. If the traditional resistivity inversion imaging method is used, it is necessary to complete resistivity inversion with inversion algorithm after dividing the pink area in Figure 1 into finite elements. Due to the limited number of the cutters on the cutterhead, which are used as the measuring electrodes and the existence of the guard electrode, the number of the model units is excessive, which lead to the singularity of the solution matrix and thus the failure on solution. In this case, the forward "squeezing" of the current lines caused by the guard electrode can be approximately equivalent to placing a virtual grounding electrode behind the anomalous body to "stretch" the detection current backward, and the inversion target region can be simplified as the blue region in Figure 1 . This equivalent simplification can improve the inversion imaging speed to meet the requirements of real-time detection. Figure 1 . The working principle of coal mine inclined shaft advanced detection method based on shield cutterhead moving array electrodes.
System Composition and Layout
The coal mine inclined shaft advanced detection system based on shield cutterhead moving array electrodes is mainly composed of an array electrode unit, a data acquisition unit and an image reconstruction unit, as shown in Figure 2 . The array electrode unit obtains the voltage distribution information in front of the tunnel face. The data acquisition unit collects the voltage information obtained by the array electrode unit and transmits it to the image reconstruction unit, which reconstructs the conductivity distribution image according to a certain algorithm. The layout of the coal mine inclined shaft advanced detection system based on shield cutterhead moving array electrodes is completed according to the TBM construction environment, as shown in Figure 3 . The array electrode unit mainly comprises the measuring electrode, guard electrode, and grounding electrode. In the direction of the diameter of the cutterhead, several cutters are selected as the measuring electrodes, and insulation treatment is required between each measuring electrode and cutterhead. In addition, the shield of TBM is used as the guard electrode, and an anchor rod is also required to be fixed on the side wall behind the TBM as the grounding electrode. Theoretically, when the distance between the grounding electrode and the measuring electrode is six times larger than the radius of the cross section of the guard electrode, the influence of infinity on the observation data can be ignored. The data acquisition unit and the image reconstruction unit are installed in the master control room of TBM and are connected with the guidance system and the programmable logic controller (PLC) to receive the position and tunneling status signals of TBM thus as to ensure the automatic data acquisition and real-time display. 
The coal mine inclined shaft advanced detection system based on shield cutterhead moving array electrodes is mainly composed of an array electrode unit, a data acquisition unit and an image reconstruction unit, as shown in Figure 2 . The array electrode unit obtains the voltage distribution information in front of the tunnel face. The data acquisition unit collects the voltage information obtained by the array electrode unit and transmits it to the image reconstruction unit, which reconstructs the conductivity distribution image according to a certain algorithm. 
The coal mine inclined shaft advanced detection system based on shield cutterhead moving array electrodes is mainly composed of an array electrode unit, a data acquisition unit and an image reconstruction unit, as shown in Figure 2 . The array electrode unit obtains the voltage distribution information in front of the tunnel face. The data acquisition unit collects the voltage information obtained by the array electrode unit and transmits it to the image reconstruction unit, which reconstructs the conductivity distribution image according to a certain algorithm. The layout of the coal mine inclined shaft advanced detection system based on shield cutterhead moving array electrodes is completed according to the TBM construction environment, as shown in Figure 3 . The array electrode unit mainly comprises the measuring electrode, guard electrode, and grounding electrode. In the direction of the diameter of the cutterhead, several cutters are selected as the measuring electrodes, and insulation treatment is required between each measuring electrode and cutterhead. In addition, the shield of TBM is used as the guard electrode, and an anchor rod is also required to be fixed on the side wall behind the TBM as the grounding electrode. Theoretically, when the distance between the grounding electrode and the measuring electrode is six times larger than the radius of the cross section of the guard electrode, the influence of infinity on the observation data can be ignored. The data acquisition unit and the image reconstruction unit are installed in the master control room of TBM and are connected with the guidance system and the programmable logic controller (PLC) to receive the position and tunneling status signals of TBM thus as to ensure the automatic data acquisition and real-time display. The layout of the coal mine inclined shaft advanced detection system based on shield cutterhead moving array electrodes is completed according to the TBM construction environment, as shown in Figure 3 . The array electrode unit mainly comprises the measuring electrode, guard electrode, and grounding electrode. In the direction of the diameter of the cutterhead, several cutters are selected as the measuring electrodes, and insulation treatment is required between each measuring electrode and cutterhead. In addition, the shield of TBM is used as the guard electrode, and an anchor rod is also required to be fixed on the side wall behind the TBM as the grounding electrode. Theoretically, when the distance between the grounding electrode and the measuring electrode is six times larger than the radius of the cross section of the guard electrode, the influence of infinity on the observation data can be ignored. The data acquisition unit and the image reconstruction unit are installed in the master control room of TBM and are connected with the guidance system and the programmable logic controller (PLC) to receive the position and tunneling status signals of TBM thus as to ensure the automatic data acquisition and real-time display. 
Solution of the Focusing Electric Field
There are two methods to solve the focusing electric field, namely the total potential method and the abnormal potential method. When the total potential method is used to solve the problem, the error in the total potential value near the power supply point is quite considerable, because there is a power supply term in function of the total potential, which is singular at the power supply point. When the abnormal potential method is used to solve the problem, because there is no power supply term in function of the abnormal potential, the calculation accuracy near the power supply point is effectively improved. Therefore, the abnormal potential method is adopted to solve the focusing electric field.
Assuming that there is a point source A with current intensity in a homogeneous medium with conductivity , and the current density vector flowing from the point power supply is ⃗. The expression of the relationship between the potential and the conductivity σ can be presented as follows:
At any closed surface Γ in space, Ω is the area surrounded by Γ. According to the Gauss flux law, the total amount of current flowing through the closed surface Γ is as follows:
( ) denotes the δ function centered on A in the whole space. According to the global integral properties of the function, there is:
By comparing the above Equations (1), (2), and (3), the following relational expressions are obtained as follows:
In the focusing electric field, the total potential ν is the sum of the normal potential value and the abnormal potential value , namely. ν = + (5) Figure 3 . The layout of the coal mine inclined shaft advanced detection system based on the shield cutterhead moving array electrodes.
Assuming that there is a point source A with current intensity I in a homogeneous medium with conductivity σ, and the current density vector flowing from the point power supply is → j . The expression of the relationship between the potential u and the conductivity σ can be presented as follows:
At any closed surface Γ in space, Ω is the area surrounded by Γ. According to the Gauss flux law, the total amount of current flowing through the closed surface Γ is as follows:
δ(A) denotes the δ function centered on A in the whole space. According to the global integral properties of the δ function, there is:
In the focusing electric field, the total potential ν is the sum of the normal potential value u 0 and the abnormal potential value u, namely.
If there is an anomalous body with conductivity σ in the uniform earth with conductivity σ 0 , The abnormal conductivity σ can be expressed as follows:
The total potential ν satisfies the Equation (4), and according to the above assumption, the basic differential equation of the total potential ν can be decomposed into:
Definition: If ∇·(σ 0 ·∇u 0 ) = −Iδ(A), then the basic differential equation of the abnormal potential u can be denoted as follows:
The boundary conditions of the abnormal potentials u are as follows:
where, r is the distance from the measuring point to power supply point A, n is the outer normal direction of the boundary, Γ s is the ground boundary, and Γ ∞ is the boundary of infinity.
The equivalent variation problems are:
The following linear algebraic equations can be obtained from Equations (10) and (11) by dividing the region by finite element method and integrating it in general:
where,
, K 1 is the coefficient matrix of the first term volume integral at the right end in Equation (10), K 2 is the coefficient matrix of the second term boundary integral at the right end in Equation (10), u is the vector containing abnormal potential values of all nodes of the model, and u 0 is the vector containing normal potential values of all nodes of the model. By solving the large sparse linear equations formed by the integration of the element nodes of Equation (12), the abnormal potentials u of each node of the unit can be obtained.
Inversion Imaging Analysis
Inversion imaging, which is an important link in the advanced detection system, essentially is to establish a nonlinear mapping model from the sampled voltage value to the pixel gray level of the image, which aims at rebuilding the algorithm to realize the approximation of this nonlinear mapping with the corresponding image, thus that the conductivity distribution in front of the tunnel face can be directly reflected from the measuring voltage value.
In the ideal noise-free environment, the forward problem of the advanced detection can be presented as follows:
where, V is the voltage between the measuring electrode and the grounding electrode, F is the forward operator, and ρ is the resistivity of the surrounding rock. After the Equation (13) is linearized, we can get the relationship between the voltage change ∆V and the resistivity change ∆ρ by the Taylor expansion method.
If ∆ρ is small enough, the higher order term in Equation (14) can be ignored, then Equation (14) can be simplified to:
where S is called the Jacobian matrix. Assuming that the geo-electric model is divided into m elements, and there are n independent measuring data. The following equation can be obtained by discretizing and normalizing Equation (15):
where U is the measuring voltage vector after n dimension normalization, S is the Jacobian matrix after n × m dimension being normalized, and G is the resistivity distribution vector after m × 1 dimension being normalized. Inversion imaging is the process of solving the inverse problem for the forward problem Equation (13) of the advanced detection system.
The approximate linear solution equation of the inverse problem of the advanced detection can be obtained from Equation (16) .
Materials and Methods
The physical model test device is shown in Figure 4 . The outer shell of the physical model is made of the acrylic plate with a length of 0.8 m, a width of 0.4 m, a height of 0.5 m, and a thickness of 0.008 m. An elliptical cylindrical brass with a major axis of 0.08 m, a minor axis of 0.02 m, a thickness of 0.02 m, and a resistivity of 0.05 Ω·m was selected as the low resistivity anomalous body. A working platform, which can move along the X-Y-Z direction is installed on the acrylic box and can be used for clamping and moving various anomalous bodies. In order to make the electrode fully contact with the medium when the cutterhead rotates, water with a resistivity value of 20 Ω·m is filled into the acrylic box as simulated surrounding rock, and the water level is 0.4 m. A polyvinyl chloride (PVC) pipe with an outer diameter of 0.1 m and an inner diameter of 0.09 m was fixed on the acrylic box to simulate the shield machine body. A layer of copper foil was pasted on the front end of the PVC pipe to simulate the shield with 4 copper electrodes being pasted around the simulated shield as the guard electrodes. The simulated cutterhead made of acrylic circular plate, with a thickness of 0.005 m and a diameter of 0.1 m, installed on the front end of the PVC pipe. We installed 12 copper bolts with a diameter of 0.003 m in the diameter direction of the simulated cutterhead as the measuring electrodes, and the distance between the 2 adjacent measuring electrodes was 0.008 m. The simulated cutterhead was fixed on a stainless-steel hollow shaft with a waterproof sealing bearing, a conductive slip-ring, a coupling and a stepping motor fixed on, wherein the conductive slip-ring is to prevent the wires connecting the measuring electrodes from winding together when the simulated cutterhead rotates. The stepping motor was connected with the driver and the controller to drive and control the simulated cutterhead. The distance from the simulated cutterhead to the left end of the acrylic box was 0.4 m, and the distance to the lower end of the acrylic box was 0.2 m. In addition, a copper bolt was also required to be installed on the acrylic box as the grounding electrode. The system of the physical model test mainly included a power supply module, a master controller, a multiplexer, a constant current source excitation module, a signal conditioning, and an acquisition module and an imaging module. The power supply module used a switch mode power supply to provide different voltages. The master controller used MSP430F149 as the control chip, which has ultra-low power consumption. The multiplexer used a high-precision 16-channel multiplexer analog switch CD4067 to meet the switching and gating of 12 electrodes. The constant current source excitation module used a high-precision amplifier OP77, which can obtain current signals between 50 uA and 10 mA. The signal conditioning and acquisition module was divided into two parts: Signal conditioning and data acquisition. The signal conditioning part consisted of a firststage amplifier circuit composed of an instrument amplifier with high input impedance and high common-mode rejection ratio and a second-stage program-controlled amplifier composed of a low input bias voltage, a broadband high-speed operational amplifier, and a numerical control potentiometer. The data acquisition part consisted of a voltage follower and a 24-bit high-precision digital-to-analog conversion chip ADS1256. The imaging module used a personal computer (PC) to display the imaging results. The working process of the system was as follows: When the system was powered on and received the command to start acquisition, the master controller controlled the constant current source excitation module to generate current excitation with specific parameters. Under the control of the master controller, the exciting current was sequentially released to each electrode through the multiplexer, and at the same time, the voltage signals at each measuring electrode were sent to the signal conditioning and acquisition module. After the processing and acquisition of the voltage signal were completed, the master controller transmitted the data to the PC for imaging in real time.
Results and Discussion
The anomalous body is located at the central axis of the cutterhead, and the distance between its geometric center and the cutterhead is L. The direct current supplied to the exciting electrode is , and the direct current supplied to the guard electrode is . The system of the physical model test mainly included a power supply module, a master controller, a multiplexer, a constant current source excitation module, a signal conditioning, and an acquisition module and an imaging module. The power supply module used a switch mode power supply to provide different voltages. The master controller used MSP430F149 as the control chip, which has ultra-low power consumption. The multiplexer used a high-precision 16-channel multiplexer analog switch CD4067 to meet the switching and gating of 12 electrodes. The constant current source excitation module used a high-precision amplifier OP77, which can obtain current signals between 50 uA and 10 mA. The signal conditioning and acquisition module was divided into two parts: Signal conditioning and data acquisition. The signal conditioning part consisted of a first-stage amplifier circuit composed of an instrument amplifier with high input impedance and high common-mode rejection ratio and a second-stage program-controlled amplifier composed of a low input bias voltage, a broadband high-speed operational amplifier, and a numerical control potentiometer. The data acquisition part consisted of a voltage follower and a 24-bit high-precision digital-to-analog conversion chip ADS1256. The imaging module used a personal computer (PC) to display the imaging results. The working process of the system was as follows: When the system was powered on and received the command to start acquisition, the master controller controlled the constant current source excitation module to generate current excitation with specific parameters. Under the control of the master controller, the exciting current was sequentially released to each electrode through the multiplexer, and at the same time, the voltage signals at each measuring electrode were sent to the signal conditioning and acquisition module. After the processing and acquisition of the voltage signal were completed, the master controller transmitted the data to the PC for imaging in real time.
The anomalous body is located at the central axis of the cutterhead, and the distance between its geometric center and the cutterhead is L. The direct current supplied to the exciting electrode is I 0 , and the direct current supplied to the guard electrode is I 1 . Figure 5 resistivity anomalous body is from the cutterhead, the greater the voltage measured by each measuring electrode. When the distance of the anomalous body and the exciting current are constant, the measuring voltage is approximately proportional to the guard current. Since the 12 measuring electrodes are uniformly distributed around the center of the circle on the cutterhead, the voltages obtained from the 1st and 12th, 2nd and 11th, . .., 6th and 7th measurements are approximately equal. Since 12 measuring electrodes are arranged on the cutterhead, according to the measuring method described in Section 2.1, 11 voltage data can be obtained by supplying power to one measuring electrode at a time, and 132 voltage data can be obtained by supplying power to these 12 measuring electrodes in turn. As can be seen from Figures 5 and 6 , when the same amount of current is supplied to the exciting electrode and the guard electrode, the farther away the low resistivity anomalous body is from the cutterhead, the greater the voltage measured by each measuring electrode. When the distance of the anomalous body and the exciting current are constant, the measuring voltage is approximately proportional to the guard current. Since the 12 measuring electrodes are uniformly distributed around the center of the circle on the cutterhead, the voltages obtained from the 1st and 12th, 2nd and 11th, ..., 6th and 7th measurements are approximately equal.
After obtaining the voltage data, inversion imaging can be performed. In actual inversion, as the resistivity change of the elements far away from the anomalous body is slight, it does not need inversion calculation in the model units with very small resistivity changes. Consequently, the number of elements in the model will be greatly reduced, which is helpful to improve the inversion speed. According to the geometric dimensions and material properties of the physical model, a virtual ground electrode model is established as shown in Figure 7 . The area in the red rectangular wireframe in Figure 7 is considered as the inversion target area. The width of the inversion target area is the diameter of the cutterhead of TBM, and the length is the distance between the virtual grounding electrode and the cutterhead. After obtaining the voltage data, inversion imaging can be performed. In actual inversion, as the resistivity change of the elements far away from the anomalous body is slight, it does not need inversion calculation in the model units with very small resistivity changes. Consequently, the number of elements in the model will be greatly reduced, which is helpful to improve the inversion speed. According to the geometric dimensions and material properties of the physical model, a virtual ground electrode model is established as shown in Figure 7 . The area in the red rectangular wireframe in Figure 7 is considered as the inversion target area. The width of the inversion target area is the diameter of the cutterhead of TBM, and the length is the distance between the virtual grounding electrode and the cutterhead. Assuming that the distance from the virtual grounding electrode to the cutterhead is D. Figure  8 . This is because when the inversion imaging is performed using the virtual grounding electrode equivalent model to replace the original guard electrode model, the measuring voltage in the presence of the guard electrode is used as the priori information of the inversion, which makes the apparent resistivity of the area between the anomalous body and the cutterhead smaller. With the increase of the guard current, the apparent resistivity of the area between the anomalous body and the cutterhead changes more regularly, and the position of the inverted anomalous body are more accurate. Assuming that the distance from the virtual grounding electrode to the cutterhead is D. Figure 8 Figure 8d . This is because when the inversion imaging is performed using the virtual grounding electrode equivalent model to replace the original guard electrode model, the measuring voltage in the presence of the guard electrode is used as the priori information of the inversion, which makes the apparent resistivity of the area between the anomalous body and the cutterhead smaller. With the increase of the guard current, the apparent resistivity of the area between the anomalous body and the cutterhead changes more regularly, and the position of the inverted anomalous body are more accurate. 
Conclusions
In this paper, a coal mine inclined shaft advanced detection method based on shield cutterhead moving array electrodes is proposed. The superiority of this method is that the cutters on the cutterhead of the TBM and the components assembled safely are used as the measuring electrodes, which are automatically electrically connected to the stratum through the TBM entity, and the data 
In this paper, a coal mine inclined shaft advanced detection method based on shield cutterhead moving array electrodes is proposed. The superiority of this method is that the cutters on the cutterhead of the TBM and the components assembled safely are used as the measuring electrodes, which are automatically electrically connected to the stratum through the TBM entity, and the data are automatically collected along with the rotation of the cutterhead, by which the geological detection results are displayed in real time. This method is verified by a physical model test and a numerical inversion test, and the following conclusions are obtained: (1) A virtual grounding electrode equivalent model is proposed to replace the original guard electrode model and the influence of the virtual grounding electrode on the inversion results at different positions is studied. The inversion results show that this method can better reflect the position of the anomalous body in front of the driving face. (2) Since the voltage measurement method and inversion algorithm are the same in other positions when the cutterhead rotates, this paper only accomplishes the measurement on the voltages of the measuring electrode being located in the horizontal position and the two-dimensional resistivity inversion imaging. In the next stage, it is necessary to measure the voltages of the cutterhead in different angles to obtain more effective information for three-dimensional resistivity inversion imaging. (3) The resistivity inversion imaging in TBM advanced detection is a typical multi-field coupling problem combining electro-thermal-hydro-chemo-mechanical fields (ETHCM). The further research on the detection mechanism, inversion interpretation, and increase of effective observation data are urgently needed, as well as the site verification. 
